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SUMMARY 


The salient purposes or this thesis were: 


l. To investigate the friction characteristics 
of the three M. I. T. geometrically similar 
engines. 

2. To compare the relation between predicted 
FMEP characteristics and the actual observed 
FMEP characteristics. 

5. To investigate the effect of variation of 
cylinder bore on detonation limits for constant 


piston speed and constant RPM, 


™he results of this study of friction characteristics 
of G. 5. E. indicate that the simple friction theory was 
not convletely adequate within the limitations of the test. 
Me actual results show that FMEP varies inversely with 
bore at constant piston speed. AS resards detonation, it 
Ses determined that :nock limited EWEP and P. vary inversely 
wit bore at either constant piston speed oc constant KP. 
Within the knowledge of the authors, this represents 


the first experimental investigation of detonation charac- 


teristics of completely geometrically similar engines, 





INTRODUCTION 


During the last twenty years, or so, there has 
been developed a considerable amount of theory 0 
the behavior of geometrically similar engines, It was the 
purpose of the study, reported upon herein, to investigate 
the variation of MEP with piston speed ror each of three 
Geometrically sinilar enginos. Further, it was desired to 
investigate the effect of variation of cylinder bore on 
detonation limitations, by determining the knock limited 
inlet pressure and knock limited SMEP for each of three feo- 
metrically similar engines, operating at the same piston 
speed, and, again, at the same hPi, 
The engines employed in the study were designed 
y and built under the supervision of the Mechanical Engin- 
eerins Department of the mwassachusetts Institute of Technol- 
ogy. They ero installed in the Sloan Luboratory of the Insti- 
tute. Insofar as is known, these three en;ines are the only 
oues wülch have ever been built, whicn are completely geomet- 
rically simil:r in all respects, Details concerninz tne en- 
mines sre to be found in Appendix A, 
the only work which has been done previously on 
these en,;ines was accomplished by Breed and Cowdery? Lobdell 


and Clark“, and "ikel and MeSwineyð. Experiments with similar 


wm lel ου ο .αω eee eel -- 


Superscript numbers refer to reference numbers, 








cylinders of different size were conducted by Wunibald Karm 
at the Deutschen Akademie der „uftfahrtforschung in 19393, 
Though the cylinders used in these tests were essentially 
geometrically similar, the test set-ups which nad to 9 Ts 
were not such as to maintain geometric similitude, Tney did 
BEOorrespnond, apnroximately, in size and outlay to the cyTinder 
sizes chosen, however, Comparisons of Karm's data with the 
Mata of this report are included in a later »ortion. 

In view of the limited amount oi data previously 
taken on the mí. I. T. geometrically similar ensines, basic 
Boersnting Gata was taken for each ni the three engánes E 8 
prerenılsite for the friction and detonation studies, 

The stud; of engine friction Pas restricted t> a 
determination of the TWEP of the assembled engines, as dis- 
۳۰۱ ہہ‎ from determination of FMEP for malor engine come 
ponents. PIEP was determined by notoring the engine, and by 
firing and taking the difference of IMEP and BMEP, 

The detonation studies were based on a sín;le fuel; 


"t 


commercial "shite Gasoline" wıich had an octane ratinz of 71.9 
"πο Motor Method and 798.4 b; the Research Method. Data 

was taken for each engine operatin; at (l) a piston speed of 
1200 feet ner minute and (2) at 1000 RPH. Incipient detona- 
tion was used as a basis for determining knock limited inlet 
pressure and “MEP and was established by ear 5” one observer 
for the six inci bore engine. A Li Indicator, supplemented 
Bear, wes used, by a single ovserver, in establishing det- 


onation limits on the four and two and one-hal? inch bore 








engines. The Li Indicator is described in Appendix. 

Much of the theory, wiüich has been developed for 
geometrically similar engines, is based on dimensional analy- 
gis, etailed development of applicable mathematical relations 
is to be found in Appendix C, 

Theory predicts that IMEP is a function of Ro and 
M for ceometrically similar ensines, With identical inlet 
conditions: 

IMEP = f(s,R,) 
Purther, it i8 shown in Appendix C that, کح نا‎ 


eally: 
PREP = f(s) 


PMEP is normally considered tb consist of tyo parts: 
(1) PMEP and (2) MMEP or mechanical friction mean effective 
Pressure, 

“MEP is, by definition, that portion of the so-called 
meee which arises from engine friction, as distinguished from 
Bue contribution of the puapinga loss, 1.6., 10801۳, Consequently, 


the ‘EP may be considered to be attributable to: 


770 30 ۹ 
2. “Visecoug 2T.i cL Lom 
o. ۲۸370680177111. friction 
Presently, no technique of analysis is capable of 
Meecictins, or estimating, with any degree of reliability, 
the distribution of the engine friction among these three 
Possibilities. Assuming, however, that all of the friction 


may be classified as either coulomb or viscous friction, a 








theoretical treatment Ls made possible. Refer to Appendix 


' mater- 


C. Coulomb zriction is a function of the "beoarinz' 
fals, largely, and may be taken as being independent of 
speed, load, and in general, of design and operating condi- 
tions. Therefore, since tne materials used in the three 
Beemetrically similar engines, is the same, pieco byi piece, 
Bat ~ortion of the 4MEP which is attributable to co.ulomb 
Ectlon w111, ln theorz, be identical,. Analysis, utilizing 
Petroff's :quation, leads to the conclusion that, for geo- 
metrically similar engines, with the same conditions of opera- 
fron and at the same piston speed, ths portion o! the 7 
EN to Viscous friction, will be identical for each of the 
engines provided that the ratio of oil viscosity (absolute) 
۱ the bore of the engine Y) is the same for each of the 
365. It follows, then, that theory indicates that the 
|1 for seometrically similar engines will be the same, 
at the same piston speed, orovi3ed the Reynolds number- 
effect on [MEP is small, 

Detonation in spark ignition is considered to be 
essentially a simultaneous combustion of the last vortion 
EBENE Ue chargo in the cylinder to burn. It occurs when the 
meee speed is not sufficiently great to prevent the last 
portion of the charge from passing through its delay poriod 
before the normal progression of combustion has burned that 
portion. Experimental evidence to date tends to indicate 
meet tilame speed is a, more or less, linear function of 


E olis' number, but there dos not seem to be, necessarily, 





a one to one correspondence, i.e. [lame speed does not ap- 
Spar t» increuse as fust as Ro. Pundanentel information, 
relative to the manner of vurlation of flame speed with in- 
let “ach number, is lacking. If the engines be operated at 
the same inlet Mach number, mic: can be done by opera. 
at the same piston speed, then the variation of average 
flume sveed with Ro can be determined. At tne same niston 
E Sd, witi identical inlet conditions: 
R ϱ 
e 

Consider an englne which has a bore twice that of 
a second engine. Then, the distance which the flame has to 
Brave) in twice as great, but if the flame speed is not twice 
E Teat, the larger cylinder will be more susceptible to 


detonation than the smailer, 





im UIPMENT AND PROCEDURE 


The principal apparatus used consists of three 
single-cylinder, four stroke, geometrically similar spark- 
ignition engines of 2 1/2, 4, and 6 inch bore. All dimen- 
sions of the engines and their related equipment are in the 
same ratio as the bores. 

Each engine is equipped with a suitable air orifice 
and surge tank, a vaporizing tank for mixing fuel and air, 
an exhaust surge tank, and cooling water header tank for 
water jacket coolant expansion. A rheostat controlled dyna- 
mometer with hydraulic scale permits brake measurements, 

Water jacket and oil heat exchangers with steam and water 
lines serve to control temperatures. Inlet and exhaust 

valves are used to control pressures. The air inlet throttle 
valves on the four inch and six inch bore engines are remotely 
controlled and operated by an electric motor, On the 2 1/2" 
engine the air inlet throttle valve is directly controlled 
manually and is capable of finer control, Related pumps, 
valves, pipins, tubing, and manometers are shown in the dia- 
gram of the layout in Appendix A, <A compurison of the engines 
is also presented. A detailed description has been given by 
C. F, Taylor, 

Special equipment used included an MIT balanced 
pressure type indicator for taking indicator diagrams and a 
transfer machine for converting indicator diagrams to pressure- 


volume diagrams, This special equipment is described in Appendix 





B. Associated minor equipment such as & fuel flow-bench for 
robometer calibration, alr compressors and reducing valves, 
strobotachometer, and stroboscopes were used as applicable. 
The first part of the investigation was devoted to 
the gathering of basic operating data for the engines, ۰ 
best power fuel air ratio, best power spark advance, etc. 
Inlet pressure, exhaust pressure, inlet temperature, oil 
temperature, and water jacket temperature were held constant 
at 28" Hg, 32" Hg, 150°F, 150°F, and 180°F respectively to 
permit comparison of data, Data was also taken to show the 
varlation of BMEP with inlet tempereture and water jacket 
temperature for the 2 1/2" engine, One hundred octane fuel 
end special lubricating oil were used. They are described 
in detail in Appendix D, The engines were run at various 
piston speeds ranging from 400 to 1800 ft/min, After best 
power F was determined rums were made at the speeds and BPSA 
shown in the data sheets, Indicator cards were taken using 
the MIT indicator with the engines operating at the condi- 
tions specified above at best power F, BP^A and at various 
speeds, These cards were then transformed into pressure- 
volume diagrams and integrated by planimeter to give IMEP, 
In this analysis IMEP is defined as expansion stroke work 
minus compression stroke work divided by displacement volume. 
FHEP was determined by both the motoring and firing methods. 
In the latter, IMEP obtained fron the p-v diagrams was redu~ 
ced br the BMEP calculated from the dynamometer scale reading 


rn 


to give FMEP. Ho breakdown of notoring frlction by parts was 





attempted. A collection of tho above described data provided 
a plot of IMEP, BREP, and FMEP vs piston speed for each engine 
and an individual analysis could be made, as well as & compari- 
son with the data of previous invostigators. 1?“ °- 
Detonation was the primary consideration in the sec- 
ond part of the investigation. The procedure followed was 
essentially the same as that of the friction investigation 
except that the Li indicator was used to determine detona- 
tion and no indicator cards were taken, A fuel of 71.9 Q.R. 
(motor method) was found to be suitable to cause detonation 
in the three engines, In order to investigate detonation 
at the same piston speed in all engines it was necessary to 
supercharge the 2 1/2 and 4 inch engines. Inlet temperature 
was heli constant at 180°F instead of 150°, while inlet vres- 
sure was used as a variable, This increased inlet tempera- 
ture was necessary to prevent incomplete vaporization in tho 
2 1/2" ensine vaporizing tank. Exhaust pressure, oil tem- 
perature, and water jacket tenperature were held at their 
previous values. Ail engines were operated at a piston 
speed of 1200 ft/min and also at 1000 rpm. It should be 
noted that these speeds are identical for the 6" ongine, 
It was found necessary to preset inlet pressure and to ad- 
just spark advance until detonation occurred. This was nec- 
essary because of the difficulty oxperienced in controlling 
inlet pressure on the 4 and 6" engines with the remotely con- 


trolled air intake throttle valves, particularly with the 








valves nearly closed. Further, engine equilibrium was 
disturbed more by varying inlet pressure than by varying 
snark advance to produce detonation. B*5A at best power 
F was detormined for the 2 1/2 and 4" engines at three 
different inlet pressures. These pressures represented 
the low ana hich limits and an intermediate value of the 
sivercharged inlet pressurés used for the detonation study. 
me hundred O.'. fuel was used for these runs. From the 
results of these runs it was observed that BPA was insen- 
Bitive to inlet pressure:#ithin the range of intorest &nd 
therefore previous BPSA data was used for the 6" ensine. 
In the 2 1/2" engine inlet pressire was veried 
from 32-42" Hip and spark :«dvance was altered between 15 
and GO degrees BTC. Six fuel air ratios were investigated, 
all within the range of detonation. BMEr Mas determined 
for eration at a niston speed of 1200 ft/min and at 1000 
rom. Plots of BEP and inlet pressure vs sparx advance 
were made with F as a nerametr. By enterine these curves 
With BEM for best Immer F, data was obtained for making 
a »lot of SMEP and inlet pressure vs F. 
The 4” engine inlet pressure ranged from 28 to 
37" ile and spark advance was varied from 10 to 60 degrees 
BTS. The samc data wes taken as for the 2 1/2" engine to 
give comparable BEP and inlet pressure curvos with F and 
snari advance as variables. Acain six fuel air ratios were 
investigated. Kuns for this engine were made at a piston 


speed of 1200 ft/min and also at 1000 rpm. 











In the 6" engine + was changed as before and the 
spark advance spread used was O-45 degrees BTC. No super- 
charging was necessary to cause detonation; therefore, 
inlet pressure ranged between 19 and 29" Hs. Since 1000 
rpm and 1200 ft/min piston speed are identical for this | 
engine, only ono speed was run for comparison with the 
2 2 and 4" engines. The same BMEP an! inlet pressure 
plots were mado as before using BP5A and best vower F 95 
.075. The samo data was also taken in the case of the 
6" engine for an inlet temperature of 150°F in order to 
show the effect of this variable on detonati on, 

After the above data had been compiled, a 
ISL of knock limited BME? anû inlet pressure vs hore 
for a piston sveed of 1200 ft/min and 1000 rpm at F of 
.0730 wes made. A Plot of knock limited I! P vs bore for 
the same speeds was made by adding a value of FMEP (cor- 
rected for inlet pressure) to the values of knock limited 
BMEP, 

One commonly used razedure to determi 1π- 
cipient detonation is to observo tha first appearance of 
a protuberance on the oscilloscope dp-dt trace to the 
right of the maximum value. Because of the insensitivity 
of the protuberance to change in spark advance the above 
method was not sufficiently sensitive, Further, it was 
not possible to use a fixed height reached by the pro- 
tuberance as a criterion for establishing detonation due 
to irregularity of the trace from one instant to the next. 


Consequently, the determination of the limiting condition 


ra e 


er 








of detonution by the Li indicator Was left to tho deei- 
sion of a single operator in the 2 1/2 üni 4" encines. 
In view of tne arbitrary definition of incipient detona= 
tion this procedure was considered more reliable. 

Usin; a combinetibn οἱ oscilloscopo ification, 
erlínier head tenperature rise, ánd Bar, it 7 
determine the high frequency pressure fluctuation associ- 
ated with detonation and to reproduce incipient detone- 
tion with more accuracy than obtainable bv ear alone. 

This is particularly true with the 2 1/2" engine. 

It is interestin; to note that only a three 
decree spark advance differential was found when incipient 
detonation was determined on the 4" engine by one observer 
using the Li indicator and by a different observer using 
ear alone, Greater spark saivaneos were observed when the 
ear method alone was used. 

It is believed that the point of incipient detona- 
tion in the 6" engine was accurately deternined br ear alone 
due to the extreme sensitivit; of knock to spark advance 
in this engine. Its full knock range, extreme knock to 
no knock, was observed ina snan of approximately 3 desrees 
spark advance, 

In both investigations certain precautionary 
measures and procedures were found to bo applicable. A mean 
Reynold's number of 50,000 was originally assumed to facili- 


tate air flow calcilations. Air measurenents were later 








corrected for Reynold's number effect. This was found to 
be significant at slow speed and small air flow. For details 
of air flow measurements see Appendix E.  Froquent calcula- 
tions and checks of alr snd fuel flow were made to insure 
the accuracy of the F being used. Such steps were taken 
before, during, and immediately after each run. Ample time 
was allowed for warmup and for the establishment of steady 
operating conditions after altering any variable, Freauent 
checks were made to see that there were no air bubbles in 
the fuel inlet line or in the dynamometer hydraulic scale 
oil. The inlet vaporizing tank vas inspected periodically 
for iuel condensation, particularly when running "ich, 
Before and after each ranning period the spark advance 
mechanism was checked for slippage. 

Prossures, temperatures, and speed were continually 
checked aná controlled to promote accuracy. Pressures (ex- 
cept fuel and oil) and dynamometer scale reading were measured 
exclusively by manometers, the zero of which was noted before 
and after ranninrc. Temperatures were measured by therno- 
couples ani calibrated potentiometers except for isolated 
fuel and air temperatures. The rotometers were calibrated 
for each of tho fuels used as described in Appendix F. No 
significant deviation was observed. Calibration curves 
Will De found in Appendix F Figs., Pel, F-2, and F-3, Fuel 
temperature differential was not significant in this respect. 
Careful attention was paid to the operation of the MIT indi- 
cator, especially with regard to the establishment of the 


top center line. 





Identical runs were frequently repeated on differ- 
ent days to check reppoducibility of data. It was found 
that nost runs checked within 1-2 per cent, Running Slo 
were maintained as a check on reproducibility and to indi- 
cate desirable ranges of investigation and expansion of 
the schedule being followed, 

Data readings were taxen as nearly at the sane 
time as possible ET ad CC study. This was made prac- 
ticable by having at least two Investigators present during 


each run, 





RESULTS AND DISCUSSION 


FRICTION 


Fig. l illustrates that for the 2 1/2" engine, 
the EMEP, at best-power spark advance, increases with in- 
creasing fuel-air ratio until a fuel-air ratio is reacneđd 
for which the BMEP must be a maximum. Further increase of 
fuel-alr ratio results ín a docrease of DBHEP. The same 
trends are evidenced for the 6" engine in Figs. 3 and 4. 
Ple. 5 indicates that the best-power fuel-air ratio for 
the 2 1/2" and the 6" enzines at piston speeds of 480 ft/min 
and 1200 ft/min, range from about .0715 to .0750. Accordingly, 
a value of F = .0730 vas taken as being representative of the 
best-power fuel-air ratio, It should be noted that even 
though brake manometer readings were revroducible within 
one or two per cent, the curves are flat enough near the 
maximum that a one per cent variation could easily snift 
the apparent best-power fuel-alr ratio within the range of 
bue values indicated above. This conclusion is substan- 
tiated by References 1, 2 and 3, for these engines. In ad- 
dition, Taylor and Taylor? state that, from theoretical con- 
siderations and from innumerable tests the best-power of a 
spark ignition engine, at best-power spark advance, will oc- 
cur at a fuel-air ratio in excess of the chemically correct 
fuel-air ratio, For engines being fed a reasonably homo- 
geneous fuel-aiír mixture which can be achieved by using a 


fuel vaporizing tank as was done in these tests, the best 








Tae OPO 


power fuel-air ratio has been found to be lower than for en- 
gines fitted with carburetors; for the latter the best-power 
fuel-air ratio is about .0800°, 

In view of these considerations it was deemed un- 
necessary to duplicate this same data for the 4" engine. 
Accordingly, Fig. 2 shows the variation of BMEP at various 
piston speeds with spark advance at F = ¿0730 for the 4" 
engine. It is to be noted that best-power spark-advance in- 
creases with increasing piston speed, which is as expected, 

Early in these investigations the question arose 
as to the magnitude of the effect of slight variations in 
the water jacket or inlet air temperatures, Fig. 6 shows 
the results of a special study of this question. A change 
of about 35 degrees in water jacket temperature is seen to 
give rise to a change of BMEP of approximately one-half 
pound per square inch. A variation in inlet air temperature 
of only three end one-half degrees produces the same change 
in BMEP, Consequently variations in water jacket tempera- 
ture of as much as plus and minus five degrees will have a 
negligible effect on test results whereas the inlet air 
temperature must be held as close to the predetermined value 
as possible to insure reproducibility of results, These 
limitations are considered to be equally as applicable to 
the 4" and 6" G. S, engines. 

In Appendix C, it has been shown in theory, for 
geometrically similar engines operating at identical inlet 
and exhaust conditions, that: 


@ = f(s) 





This implies identical values of ə for geometrically simi- 
lar engines at the same piston speed. This conclusion is 
affirmed by Fig. 7 in which it is soen that e is substan- 
tially the same for all three engines tested, at the same 
piston speed. 

Further, the theory described in Appendix C indi- 
eates that: 

IMEP œ e fE) 
provided that the indicated thermal efficiency is a constant. 
If this be true, the IMEP’s for these engines should be the 
same at the same piston speed. Fig. 8 indicates that the 
indicated thermal efficiencies for each of the three engines 
operating under the same conditions, are identical, Over a 
speed range from 430 ft/min to 1800 ft/min there is only a 
variation of four per cent in the value of indicated thermal 
efficiency. Therefore the assumption is justifiable. 

Figs. 9 and 10, indicate the equality of the DEP's 
for the three engines at the same piston 0 

Since ISFC <1; for a riven fuel and fuel-air 
ratio, the three engines should have identical values of 
ISFC at the sane piston speed. This is seen to be substan- 
tially the case in Fig. 7. 

In Fig. 10 have been plotted values of IMEP, BMEP 
and FMEP (motoring) and (firing) for the three zeometrically 
similar engines at various piston speeds. The curves for 
FMEP (firing) represent the difference between the smooth 
curves for IMEP and BMEP, 








Fig. ll is a replot of the curves of Fig. 10 with 
the resilts of References 1, 2 and 3 superimposed thereon, 
In botn cases, it is apparent that there exists a consider- 
able difference between the values of FMEP's (firing). Con- 
sequently there is considerable difference among the engines 
in the values of BSFC as shown in Pig. 7 and the values of 
brake and mechanical efficiencies as shown on Fig. 8 BSFC 
is seen to increase with decreasing bore, andi the brake and 
mechanical efficiencies are observed to decrease with de- 
creasing bore, Similar results were observed by سم‎ in 
his tests with approximately geometrically similar cylinders, 
As stated earlier, simpiified theory predicts that the 8ز‎ 
should be the same. The results and the theory disagree | 
under the conditions of the tests, It 18 to be noted from 
Fic. 10, that both the notoring and firing FifEP'!s of the 
2 1/2" engine are disproportionately higher in relation to 
the 4" engine than are the same values for the 4" engine in 
relation to the 6" engine. Fig. 11 shows that the increments 
of PMEP (firing) between the three engines, obtained by pre- 


1,2,9 were more nearly uniform. Fig. 


vious investigators 
12 indicates that the motoring friction of the test set- 
ups used by Kamm“ increased witn diminishing bore in a very 
nearly unfform manner, wheras such uniformity is not evi- 
denced by the M, I. T. geometrically similar engines. Even 
thouch the test set-ups used by Kann were not strictly geo- 


metrically similar, they did bear a close relation to the 


size of the cylinders tested and should therefore be somewhat 








indicative of the trend in FMEP (motoring) variation to be 
expected from tho M. I. T. engines. 

One possible explanation for this result is that 
there may exist some mechanical discrppancy within the 2 1/2" 
encine. In the early phase οἱ these tests, the intake valve 
of that engine seized in the open position while the engine 
was running. Disassembly and inspection of the engine re- 
vealed a slight sticking of the exhaust valve and a dee 
fective main bearing. Data taken prior to this occurrence 
was discarded. Motoring tests should be conducted on en- 
gine components in an attempt to discover whether any such 
discrepancy does, in fact, exist, 

Theoretical treatment of evaluation of power ab- 
sorbed by bearings operating under conditions of full film 
lubrication has long been substantiated by numerous tests, 
and there is no reason to believe that the theory will not 
also apply in the case of these three geometrically similar 
engines. In attempting to analyze the reasons for the exist- 
ence of the very large differences in FMEP (firing) between 
the three engines, the consideration of bearing and auxil- 
lary friction may be disregarded, in view of the magnitude 
of their effect in relation to the magnitude of the effect 
to be expected of the piston and rings. 

The simplified theory described in Appendix C 
implies that PEP skoulad be the same for all en;sines pro- 
vided u/g is the same. Inasmuch as oil viscosity is a 


function of temperature, a temperature must be specified 








before the ratio “/g can be calculated. For the purposes 
of these tests a temperature of 250°F was picked as being 
somewhat representative, and oils were selected for each 
engine which would have the same </y at that temperature, 
The oils used for the tests, were blends, as described in 
Appendix D., Viscosity tests, after blending, confirmed 
the constancy of u/p at 250°F among the three engines. 
Also, from these tests, tho oils were found to have approxi- 
mately the same viscosity index,and over a range of about 
180°F to 350°F, the value of “/y for any one of the three 
engines did not differ radically from that of the other 
engines at any given temperature, 

During the motoring tests, the engines were 
operating, more or less, within the temperature range speci- 
fled above. The lubrication of the piston and rings, pre- 
sumably, approximated viscous lubrication more closely than 
during the firing tests, and since the water jacket tempera- 
tures were held the sane in all cases, after the engines 
cooled down, the cylinder wall temperatures bocame more 
nearly equal; therefore according to the theory, the FMEP'!s 
should have been the same. Prom Fig. 10 it 1s noted that 
the PMEP!s (motoring) for the 4" and the 6" engines are es- 
gentially the same and the FMEP (motoring) for the 2 1/2" 
engine is much nearer the value of the 4" and 6" engines than 
it is during firinc. By virtue of these facts, there seems 
to be some justification for the applicability of the theory 
under such conditions. 





It is possible that during firîn; the mean engine 
cylinder wall temperature variation among the enzines may 
be resnonsible for a part, at least, of the wide variance 
in FMEP (firing). For geometrically similar engines, operat- 
ing with the same fuel-air ratio at the same piston speed, 
the heat transfer rate per unit area should be the same and 
&poroximately proportional to the ratio of the temperature 
difference across the cylinder wall (1.0. from inner to 
outer surface) to the wall thickness, With the coolant 
temperature being held the same for each of the three en- 
gines, the above indicates that the inner cylinder wall 
temperature should increase with increasing bore, and there- 
fore the viscosity of the oil on the cylinder wall decreases 
with increasing bore. There would then be established a 
trend toward higher friction in the 2 1/2" engine and lower 
friction in the 6” engine. 

Thus it 1s indicated that the choice of a sinsle 
temperature to be used as a base for establishing the equality 
of the 4/2 's Tor the three engines may not be justifiable. 


Livengood and Wallour’ 


in a study of piston-ring friction 
conclude that increasing water jacket temperature decreases 
piston-ring friction. It may be presumed that this effect 
erises, largely, because of the decrease in viscosity with 
temperature increase. It 15 noted that the magnitude of 
this effect is appreciable. Changing water jacket tempera- 
ture from 100°F to 150°F brousht about a decrease in piston- 


rins mean effective pressure from about 7.7 psi to about 


.۰6 |1.ن 





Accordingly, tests to determine the effect of 
cylinder water jacket temperature variation and oil viscos- 
ity variation on engine FMEP (firing) are considered to be 
desirable. 

The theory is based on the assunption that all 
friction may be diviced between coulomb and viscous friction. 
The lubrication conditions under which the piston and rings 
operate vary from coulomb to viscous to partial film, and 
are different for different parts of the piston travel, The 
parts are not separable or determinable at present and their 
proportions may vary from engine to engine. Therefore a part 
of the differences in FNEP's (firing) probably is due to 
these unknown variations. 

There does appear to bè the possibility, with 
further test experience, of establishing quasi-tuüeoretical 
relationships by means of which the FMEP?s of a group of 


genmetrically similar engines may be predicted., 





DETONATION 


Results of the detonation investigation proper 
are shown in the curves of Figs. 14 throucn 25. Associated 
results, such as variation of cylinder head temperature and 
flame sveed, may be found in Figs. 26 throug $1. 

BPSA at begst-vower fuel-air ratio for the super- 


charged detonation study at T, of 180°F was determined from 


T 
Pigs. 15 and 14 for tho 2 1/2" and 4" engines respoctively. 
A comparison with BPSA curves of Figs. 1 through 4, shows 
that T. and ولا‎ have no appreciable effect on BPSA within 
the ranges of D, and T. concerned.  BPSA was found to be: 
1200 ft/uin 45 6 30 
1000 RPM 50 32 50 


At s 
AtN 


۱ 


1 


At the same piston speed BPSA was found to vary 
inversely with bore, while at the same RPM, BPSA was approxi- 
matel the same. 

The knock limited ‘IEP and p, of Figs. 15 throw» 20 
are »~lots of recorded detonation data for the individual en- 
gines at various spark advances and speeds, with fuel-air 
ratio as a parameter. At constant speed, knock limited 
BMEP and P. are observed to decrease with increased spark 
advance for a ziven fuel-air ratio and to increase with fuel- 
air ratio at constant spark advance, axcent at lean fuel-air 


ratios where a reversal is ۰. 








The variation in knock límited BMEP and p, versus 
fuel-air ratlo, with T, as a parameter, for the 6" engine 
at BPSA and a piston speed of 1200 ft/min, is shom in 
Fig. 21, These curves are derived fram Pigs. 19 and 20, 
Both the knock limited BMEP and p, are decreased by a 30° 
F increase in To although at higher fuel-air ratios this 
effect on p, is diminished. At a fueleair ratio of „110, 
the p,'s for T, of 150°F and 180°F are practically identical. 
Plots of knock limited BMEP and p, versus fuel-alr 


ratio at BPSA and T, of 180°F("S" curves) for all engines 


1 
at a piston speed of 1200 ft/min and 1000 RPM are shown in 
Figs. 22 and 235 respectively. These curves were obtained 
from crossplots of Figs. 15 through 19, entering with BPSA 
corresponding to a fuel-air ratio of .075 for each engine. 
It is readily seen that for these conditions both knock 
limited BMEP and p, vary directly with fueleair ratio, ex- 
cept in the lean region, This tendency toward reversal at 
lean fuel-aír ratios 1s most apparent for the 2 1/2" and 
4" enrines in Fir. 23. It shoul be noted that a reversal 
tendency also appears in the rich region for the 6" engine 
ΔΕ, οὗ. 

From Figs. 15 through 19, knock limited BNEP and 
Pq, as a function of cylinder bore, are attainable for any 
set patterm of spark advances for the engines. Such a re- 
lation is presented in Fig. 24 for a given RPM and piston 
speed with a fuel-air ratio of .0730 and BPSA for each engine. 








ae 

It is seen that knock limited BMEP and p, vary linearly, but 

inversely, with bore at constant piston speed. At constant 
RPM, BMEP and p, are observed to deviate slightly from this 
inverse-linsar relationship at small bores. The above data 
is substantiated in Pig. 25, where a graphic comparison is 
made with: results from Reference 4, which are at a different, 
but constant, piston speed. In order to compare these results 
on the same basis, it was necessary to estimate the IMEP's 
of the M. I. T. geometrically similar engines, since no in- 
dicator cards were taken during detonation runs. This was 
accomplished by adding the firing friction MEP's to the 
BMEP's observed for a piston speed of 1200 ft/min. Because 
the firing friction MEP's were determined at p, = 29" Tog. 
a correction was applied to the FMEP!s to account for tho 
change in pumping loss due to variation in Ps in the detona- 
tion investigation. From experimental data, the magnitude 
of this correction was sstimited tos be of the order of (28-p, ) 
/2 inches of mercury or (28-p, )/4.06 pounds per square inch. 
This correction represents only a maximum of about two per 
cent of the calculated IHEP. 

It was interesting to note that, for any given en- 
gine, at incipient detonation, the cylinder head tenperature 
attained a value which was constant for the same fusl-alr 
ratio, independent of the spar advance and Pye These values 
of cylinder hsad temperature at BPSA, are shown graphically 
for the three engines as a function of fueleair ratio in 


Fig. 26. The values of cylinder head temperature at BPSA 








end a fuel-air ratio of .073 at incipient detonation and at 
normal operation, are shown in Pig. 27. They are included 
as a comparative index to the heat transfor characteristics 
of the three engines under the conditions of investigation. 

in order to understand the detonation characteris- 
tics of geometrically similar engines more fully, an inves- 
tization of the flame speed characteristics was undertaken. 
Flame speed is defined as the averuge velocity of the flame 
front, as measured by cylinder bore divided by the time in- 
terval fr xı passage of sparx to peak pressure, inwanit&® of 
feet ver second. The measurement of the tine interval was 
accomplished in two stages -- from passage of spark to top 
center, and from top center to peak pressure., 

Since indicator diavrams were taken only at BPSA 
at a fuclesir ratio of .075, and as they were the only means 
available to estimate the time interval from top center to 
pea’: pressure, this operating condition was chosen to repre- 
gent the flame speed characteristic. The data used was 
thererore readily obtainable from the data collected in 
the friction investigation. The degrees of crank angle 
from top center to pekk pressure at BPSA and a fuel-air 
ratio of .073 was fairly constant at 14° (+2°) for all en- 
gines over the full range of speeds, Faired curves for 
BPSA versus piston speed for the threo engines are shown 
in Fig. 28. With this information flame speed was cal- 


culated by the formula: 
V. - (B) x (BPSA + 14°) N/2, ft/sec 
where: B = cylinder bore, inches 


N = RPM 








Fig. Sl shows this relation of flame speed with 
KPM for the three engines. It is interesting to note that 
at the same RPM flame speed varies almost in direct pro- 
portion with bore, This alone would indicate tnat all three 
engines should have the same detonation characteristics at 
the same RPM, 

With flame speed data available on the three engines, 
further computations were made to exploit the possibility of 
isolating Reynolds Number effect from Mach Number effect on 
flame speed, Reynolds Number, as used in the calculations, 


is defined as: 


Ὁ‏ هړم 
κι‏ 
where P, = density of air at inlet conditions‏ 
lbs/ft?‏ 
s' = piston speed, ft/sec‏ 
B = cylinder bore, ft.‏ 
viscosity of air at inlet conditions‏ = 7/44 


1b/ft7 sec 


Mach Number is defined as: 


s'/c, 
where s' - piston speed, ft/sec 
οι = sonic velocity based on inlet conditions, 


ft/sec 
Since inlet conditions were identical for all engines, 
piston speed is sufficient to represent Mach Number. In the 


M. I. T. seometrically similar engines, the gas velocities 





through the inlet ports are the same for the same piston 
speed; therefore niston speed is also an appropriate index 
to the velocity of the entering mixture, 

The above relations reveal that, in the case of 
the three engines, it is possible to obtain three values 
of niston speed for an assigned value of Reynolds 7. 
These three values of piston speed, each, correspond to a 
definite flame speed for each engine. By such a process, 
flame speed as a function of piston speed for various Rey- 
nolds Numbers was calculated and is shown in Fig. 30. 

By a similar process, flame speed as a function 
of Reynolds Number, for various niston speeds, was also cal- 
culated and ls shown in Fig. 29. 

From these results 1t 1s soen that there exists 
the possibility; of individual effects of Reynolds Number and 
Mach Number on flame speed. At low values of Reynolds Number 
(and Mach Number), flame speed 1s nlmost independent of Mach 
Number and dependent solely on Reynolds Number, At higher 
values of Reynolds Number (and Mach Number), flame speed 
tends to become more dependent on Mach Number and less on 
Reynolds Number, | 

To interpret the detonation chance of 
geometrically similar engines in tne licvht of the results 
obtained in this investigation, it is advisable to resort 


to the auto-irnition theory of ensine detonation described 


in Reference 6. Briefly, this theory can be explained as 


follows, As the flame front progresses across the cylinder, 








the unburned charge is compressed by the hot, expanding 
gases and motion o” the piston, until a critical combination 
of pressure and temperature is reached in the unburned end 
gas, at which time it auto-ignites. It has been established 
experimentally” that this critical pressure and temperature 
combination is dependent on the rate of compression, the 
composition (fuol, fuel-air ratio, fue] additives, etc.) 

of the unburned charge, and a time element referred to as 
"delay tine". 

In an attempt to analyze the detonation charac- 
teristics of the three geometrically similar engines with 
the data available, it is a'parent that there 13 knowledre 
of only one of the above factors; namely, composition of 
the end gas. Flame speed, together with piston speed, can 
be used to evaluate the rate of compression of the end gas, 
only if the process is adiabatic or if the magnitude of heat 
Os to the end was 18 known. Fig. <7 indicates that the 
heat transfer characteristics of the engines do not follow 
the laws of similitude at constant piston speed. At con- 
stant RPM, however, the pattern of cylinder head temperatures 
is one of increasing cylinder head temperature with increas- 
inc bore, 

From considerations of flame speed and piston speed 
on the rate of conpression of the end gas for & piston speed 
of 1200 ft/min in all engines, it is apparent that there is 
a basic advantage of small bores on knock limited output. 


۸1۲۱۱۵۱۱۶ flame speed increases with bore, it does not increase 





in proportion ο bore; hence, the smaller 6۵ 111 wl 1 


a lower “omkustion time and higher rate of 1 7 ٦ 


Also, the smaller engine 15 operatiu at a ner nM, 
wiich results in a hi,her rate of compression. The basic 
disa lvanta:e of the 6" engine ia masnified by a hirher 
operatimea temperature, whereas, in @ comparison of the 
2 1/2" ani 4" engines, the advuntage of operating tempera- 
ture, usin? cylinder head temperature as un index, favors 
the 4" ۰ 

At an RPM of 1000, it is observed that flame speed 
Varies directly as bore, resulting in equal rates of comprées-= 
gion ol the end sas in all three enzinos. As the RPE is the 
sane in this case, equal rates of compression result due to 
this factor, he significant factor that is needed to account 
for "he variation of knock limited 5 د٢‎ with bore is therefore 
the "ule of heat flow to the end sas during the compression 
arocess. If the cylindcr head temperature is accepted as 
an index to this rate of heat flow, the variation of output 
with bore may be explained. Inu lizht of other important 
Etc ors-and tioir relutiveslnilueuco,.osueh as radistion 
eros tho flame front and suto-i^onition characteristics of 
& particulur fuel, etc., it would be rather unwise to pursue 


such an argument in a general case, 








CONCLUSIONS AND RECOMMENDATION 3 


Under the conditions of the tests reported in these 


investigations, the results obtained give rise to the follow- 


Iu conclusions: 


111517 


The best-power fuel-aír ratio for the three 
engines 18 anproximately .0730 and largely 
independent of speed. 

The theory whieh predicts thet the MEP, 
inlicated thermal efficiencies, indicated 
socelfic fuel consumptions, indicated spe- 
cific air consumotions, and volumetric ef- 
ficiencies of geometrically similar ensines 
will be the same at identical operating con=- 
ditions at the same niston sneed, is confirmed 
by the tests. 


a 


In relation t» the PuZP'$ (firing) there appears, 
to be disagreement between theory and the results 
within the conditions of the tests. 

In regard t» tho PMEP's (motoring) the theory 15 
nore nearly annlicable, 

Selection of a single temperature to be used as a 
i ! ۲ A 
base for establishing the equality of the 6 


ratios for the three engines may not be justifiable, 





7. 


The scope of these tests was not broad 
enough to establish or to refute the 
applicability of the theory in regard 
to the FMEP of geometrically similar 
engines. 

Additional tests to determine the 
effect of variation of cylinder water 
jacket temperature and variation of oil 
viscosity are recommended, 

Motoring tests of engine components should 
be made to determine whether or not there 
exista a mechanical discrepancy in the 

2 1/2" engine, 

There appears to be the possibility, with 
further test experience, of establishing 
quasi-theoretical relationships by means 
of which the FMEP's of a group of geo- 


metrically similar engines may be predicted. 


Detonation 


9. The results of this investigetion indicate 


that the knock-limited BUEP and p, vary 
inversely with cylinder bore in geometrically 
similar engines at either the same piston 


speed or the same RPM, 





TO. 


Tl; 


12. 


There is indication of individual effects 
of Reynolds Number and Mach Number on the 
average speed of propagation of a flame 
front in a cylinder, 

In order to correlate the detonation 
characteristics more fully with variables 
whose effects on detonation have been حول‎ 
termined experimentally, the heat transfer 
characteristics of geometrically similar 
engines should be thoroughly investigated, 
To supplement this study of detonation, 

it is recommended that a similar procedure 
be followed at other combinations of RPM 


and piston speed, and using various fuels, 





4, 


Ho, 
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1 ۱ οι οί iui o F 
| 1 μι په خیب | سے‎ | IL ا‎ 4 " | | 
Am 1 : | 1 . 1 | 1 
qe | E | t 1 | 1 | 1 | 
ER 1 I | 07 | 
| ۶ : 8 ص۰‎ - 0 | ss > τ; کت‎ oe 
= 2 ۳ E E TU "pee Ex D وج‎ 


EX 








TR i 
unco; rected "ata 
o 1/27 δα I. u em 
Fuel 100 Octane 


Engine 











| 


۳ - Spark | y January 1950 ανν 21 med μα; y 
RPM 8 Advance Roto- ἢ ۵ 3 Dyn. 1 T 1 P P P 
| BTC meter E orifice E Seale ہے‎ ۷ : — E E 
* 21۲00 1200 20 7.25 .000704 10.55 .00887 .0794 6 74 150 392 180 82 150 28 32 30.2 
M TI " HO 7.25 .000704 10.50 .00884 .0796 22.6 81.1 149 415 181 ۱ 151 a " 1 
D ۴ 50 7.25 .000704 10.45 ۰008685 .0797 22.2 79.7 150 418 1&0 1 150 1 ۱ " 
! 
Sample Calcul tions 
۱ Wa = .1145 D "Kv a Gyh (See Air Flow 『easurementg 
: ۱ af Jy t) 
ー epora Appendix E) 
Barome- p m K Y C h M 9 BMLP 
ter 7 3 approx. approx. j Ap .ori- = $97 
7679 sone , «Ὁ . 99 1 fice .00278|n vf/ua (ryn- 
Scale) 
} 
| | h 10.55 10.50 10.5 
Ma .00887 .00884 .00883 
| | .0794 .0796 7 
| م39‎ 50/2 223.6 22.2 
BMEP zu 61.1 79.7 
Corrected Pata 
e 1/2" F.I.T.G.S. Engine 
| Fuel 100 Octane 
10 January (orifice diam. 0.41 
کے‎ e " : P 3 
“PM 8 βφίβοι ο δέος Sf orifice "a " م8807‎ 7 1 Feyl Em] Τα "oil Fi e a 
06 1200 30 7.25 .000704 10.55 .00893 .0790 , 20.6 74 150 302 180 82 150 28 32 30.2 
1 ; ho 7.25 4 10.50 .00889 .0792 22.6 81 149 5 181 — 7 151 1 ۱ : 
y y 50 T.26 9 10.45 .00888 , .0793 22.2 79.7 150 418 180 1 150 
۱ ii,(corr)/%,51.006 (See Fig. Ε-1) 
By 00067 MOL هه‎ 
WKg(corr).OOE93 .°0%89 -.00B888 
F .0790 «0170986  .0793 





TABLE Il 
2 1/29" u, I. T. 0. 6. 6565 
Fuel 100 octane 


Janu 1 orifice diameter 0.413" 
opert dr ی مود وسم ييو‎ disneter 0.413") 


oprc ۴ orifice " ۳ Seale ۶ 1 eyl Tw) τε Toi Pi Pe 

85 ..000200 1. .00348 .0575 06 16 #1 20 6 81 1 28.0 2.0 

to 3.65 . 000200 ہو‎ 10878 20.2 12.5 " 310 160 I 1a . 32.0 
$ e | 5 B 9 1 1 ee 

20 ۱ 3:65 -— " " — 95ء‎ 16 66.0 " , 181 a 1 , 5:0 
i 9 " a 72.5 " 315 182 " 149 " " 
᾿ 9 " " 20: 35 73. " 320 165 ۹ 119 a " 


4.05 . 000223 ۲ ? .0649 20.1 72.2 
4.1 000228 1.53 90745 .0661 22.5 77.2 325 180 n 1 
, 4,05 .000223 1.50 .00342 .0653 20.1 72.2 340 181 ۲ 149 


6 January 1950 (orifioe diemeter 0,413") 


318 178 £0 150 





5 Mt! کا .80 0672„ 0034%. 1,52 پچ‎ 150 338 161 n 159 86۰0 76.0 
4 3 نا‎ . 8 a » 21.7 28.0 | 320 ἡ As, 150 : 


δὺ SE 


960 480 4.» .00026% 1,52 00344 .2766 21.05 75.7 150 320 1*2 82.5 159 28.0 32.0 
" ۰ - , 21.05 75.7 217 182 82.5 8٤ ' : 
2 ۶ a e τὰ e + 20: 73.6 - 312 141 63 150 1 a 
à a ^ a - - | 8 20, 73.2 149 325 a . 1ΕΟ ” 4 
۴ ۴ p 1.50 .00342 .0771 19.65 70.5 149 330 " » 151 0 ۲ 


3.85 .000200 1.53 .003h5 .0980 19.95 71.6 150 320 181 63 150 26.0 32.0 


B 
E 
EES 3 BE 


60 480 4.75 .000310 1. .00342 .0906 16. 67.2 15 1 180 8 150 26.0 ^ 32.0 
” , 4.6 "000516 1:60 8ك‎ bc 20:1. 75:0 151 308 179 1 ^ : A 

7 : ۹ 1.51 ۰005۷55 .0920 20.4 73.3 3 ; 179 9 . " " 

: « P " 1.51 .003435 .0920 20. 73.6 D " 180 ۰ 151 a " 

: s ۴ NL. 1.53 ‚00346 .0916 19. 9. 6 1 290 180 n 150 " " 
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TABLE {11 
2 1/2" M. I, T. Q. 5. Engine 
Fuel 100 Cetane 


















Spark — 10 January WA, aaa diameter 0.413") 
APM A Y Advanee Pre Ay orifice "a ۴ scale rr 0 سه‎ Ta) Ta Teal 
2400 1200 35 6.35 .000552 10.55 .0089h 7 17.7 63,5 152 00 180 81 150 
4 ^ 1 - 19.75 .00902 .0612 15.1 p. 150 . 390 ; 7 i 
, . 2o " : 10.78 .00902 .0612 11.0 9.5 150 365 f e 
. a 40 ٠ し 8-8 .00699 0615 19.1 65.6 159 390 κ ۱ : 
A 7 | " a 10. e 00696 っ 061 20, 6 13 E 150 ۱ 5 > 
' + ۶ , ° ٠ 10.25 .00850 .06288 21.2 75.1 152 422 182 . ۰ 
a . 65 ۲ 9 10.25 . .0626 20.7 h 150 430 181 ٧ ۱ 
n E 6 6.25 .00054% 10,80 .00857 ۰0615 20.8 4.7 88 180 80 
E ٥ εὖ 6.25 ۰60605۷ 10.40 „00887 «061; 21.2 76.1 ۴ 405 180 £0 ٩ 
2400 - る κ .25 .00880 .06 22.0 هم‎ 1 1350 — 182 # 151 
yoo apo سه سرو‎ 05] ceos Ho ‘OO no ieo که‎ db 
" a | [ο ’ : 10.55 .00894 . 06%9 20.5 75.1 ۱ 08 179 83 1 
و‎ E 30 " " 10.60 .00296 .0647 17.7 635 ۱ 400 180 81 1148 
ھ و‎ | 26 .000704 10.55 .00893 .0790 20.6 74.0 15 92 82 150 
۱ 7 T” ۱ E " : a ری‎ $ 22.6 81.1 149 15 ٠ 151 
4 a s . - 22.2 79.7 150 RIS : 150 
' ٩ 55 10.40 21.7 77-9 151 426 15 
4 n 4 ν 22.6 81.1 150 4165 79 14 
à " یا‎ n 5 10.45 ‚22.8 61.9 415 78 151 
لاب سی‎ ١ » 7.2 .هر یې‎ | — D. I -- ^ a 
^ " 。 .000 10. 2. è 
. ۷ 30 Ss .000 10.60 20.8 74.7 s 39 62 150 
" T” 30 UT 1000182 10.70 20,8 76.7 1 381 179 81 1 
' . fo . .0009982 10.65 22.4 80 , نا‎ 1119 120 179 80 149 
۳ ۰ 50 ۰ . 000762 10. 22.1 7ο. 0 180 80 150 
۰ n 50 7.65 .000771 0۰۷0 ۰۵0665 .6871 4 79.4 0 404 160 51 150 
: 14 February 1950 (orifiíoe Óisnaeter 0.413") 
| | ۱ ۱ .2 0 N10 150 82 1 
„2400 1200 5# «090627 10.05 . 0080 .0725 4 + 5 ὶ : - 20 
ea aM | a ۰ . 3 a 21.6 77.5 a 1 - ۹ 1 
Px 1500 | 508 | 7.6 .000601 15.95 01099 .0729 21 ۶ ? 35 と : 150 
1800 κ .000864 5.45 .00650 .0716 21.7 77.9 150 0 181 85 150 
- 200 سو ۱ وو‎ - 2. 5 920 7 21.5 77.2 K a 180 τ 3 
κ mip F ur. uen p 10708 20.6 ری‎ v ۲ . ۹ 2 
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`® Indicator Cards Taken - Noto That ۵ Indieator Operating, Dynanometer Scale Rea ing 
# Best Power Spark Advanco\Nas Reduced by 0.2 in Hg. 
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Times 
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PM sale 


Time 
Seo 
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7۳0 توح‎ ο 
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See 
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Time 
Sec 
ہز یت‎ 
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TABLE 
2 1/2" M. I. T. G. $. Engine 


Motoring Friction Data 


10 January 1950 (RPM = 2400; e = 1200; p4 * 285.0; p, s 32.0) 


60 15 165 
7.8 7.7 5.0 
170 170 162 


180 195 210 
8.0 1-9 "5.0 
161 160 160 


*FMEP = 28,7 ped 


7 February 1950 (3PM = 2400; ۵ ۶ 1200۶ 0 = 28.0; pe = 32.0) 


120 180 280 
7.85, 7.8 7.9 
181 15 18 


12 February 1950 (7, s 


2m 9 90 
5.9 6.0 8 


60 7 90 
6.0 2 


60 15 20 
OI 議 筐 4 


60 15 90 
8.12 5" 8 


60 75 90 
9.458 9.5 9.5 


{8.2 10.25 


300 360 420 80 540 
7.65 7.85 7-65 «7,85 7.8 
180 8 180 180 180 


600 
1.9 
180 


RPM e 960; s = 180 


*FUEP e 20.8 psi 


RPM = 1200; s = 600 


105 120 15 180 210 
6.5 6.0 5.9 6.4 6.4 
RPM * 1500; e = 0 
105 120 150 
7.3 7.1 *7,2 
RPM = 2400; s = 1200 
105 120 150 
8.0 8.2 بب‎ 1 


RPM = 3000; s * 1500 


«9. Re 

| RPK = 3400; s = 1700 
105 120 ٣ 165 160 
10.25 12 10.2 10.15 


10.15 


240 
*6.4 


1 
10.2 


“EUER 


*FHEP 


*FMEP 


*FWEP 


210 
«10,2 


۰2۲ 2 28.2 ۸ 


= 22.95 psi 


e 25.85 psi 


= 29.1 psi 


= 33.9 pel 


*FNEP = 36.6 psi 





TABLE ۷ 
2 1/2" u. 1. T. @ & Engine 
Detonation Data 
Fuel “white Gas” 
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ation Oecurreód For M1 Points Except Those 
$ For Which No Detonation Coecurreé. | 








۱ 290 t ori es dimmeter 0.413%) Fr co A c - DUM 
ie «δω fey شه‎ wor ٤د بب"‎ f| | tan) Γ πε | πα΄ 
OTe ` orifi le adi د‎ με ج-‎ € | uns 
65 «901235 9.85 | .0108 | .1210 | = P E V Ns ἜΤΙ κε} 
0012 10. 5 . 0105 «1209 36 E 221 F EL . 3 .0 Ν 43 eh 
の -001 31 6 11.88 .0109 .1200 .8 a 3 6 '" ἕο ۰ 35.0 κ 41.55 
5 .001371 12.25 | .01135 .1209 ων. * | 3 ۰ 7.0 * | M.» 
و‎ ュ 001462 DE Zu m ه‎ 368 * | 6 . 6.0 | * 1.95 
il. 75 .001 . 013 1209 124,9 8 gu 8 £O 9 36.5 . 42,15 
8 11.45 δ ΕΙ ἐς 15.25 «01272 .1209 118.0 2 
111.1 ۱ 189 | hi3 180 | ۵ 150 | 37.0 | 32.0 | 41.25 
6 | 10.45 .001330 1h.05 | .01210 .1100 ۱ 7 ۶ 3 = 39.0 | ° hi, 6 
| 10.8 ..001402 15.75 «01381 «1098 34.05 122.1; * μ16 , i > 5.0 | ° 1.90 
5 10.0 001 12.1 «01130 Ἔν 26.75 96.0 s | ۰ ۰ ' 0.0 " 42.10 
kg 11.0 |. و‎ 16.5 .01321 .109h 35.35 126.9 408 i ーー 
8.5 .0 ۱ 
| 10.15 .001265 15.0 | .01260 .1003 5 122.7 | 180 2 Μο” ος Ι په‎ H2 00 
Ks 10.4 ۰ 001 1 16. 5 01332 ・099 35.15 128. 8 125 4 è " 37.0 n 42.75 
¿001182 13.1 01869 ۰099 30.75 3 - a " | $5.0 κ 42.90 
> ې‎ — 11.5 ۱ an? «0994 27.05 | 97.1. 0 Mum 
| go hh 180 80.5 150 | 35.0 | 32.0 he, 
0009 < .01117 ۰0667 26.15 101.0 1 2 | = ho. 
S ٦ 2 00099. 11.5 ua 0895 38.85 118.0  * Mug ۲ ۲ 2 - ο - ἠδ 50 
5 001142 1 و3‎ .01278 ۰0695 35.65 128.8 | : 8 κο ・ يه‎ ^ 42.10 
"ὦ $1 res 0 16.35 ۱ ۰۵1327 ۰6897 37.15 133.3 
| 25 133.8 180 big 160 80 150 40.0 se. 0 | 0۵ 
(ο 8.8 .000991 14.3  .01240 .0796 35.05 | 125.9 e کی‎ 2ْ 3 n ' 26.0 | " | 12,80 
. 8.5 .000930 12.3 | .01152 .0805 31.85 11.5 * ٤6 > | * " | ykho * هوه‎ 
8 E" ا‎ „000845 10.4} ^ .0105& .0803 27.85 100.0 d | وزی‎ 
۱ ۱ ۱ با‎ 180 | 60.5 150 , 3h.0 | 32.0 he. 
.01622 .0698 30.05 107.9 180 ος | په‎ 6.0 | "° | 42.60 
وتو غه سورتوات‎ seag nb) CU Po? MP سرت‎ 店 
35 8.1 .000878 18.4 | .012h0 .o701 35.15 126.1 » په‎ | Oa © Ns © دي‎ 
.45/.000921 16.31 .01313 ۰0708 36.25 130.1 ۲ 45 © τοῦ * πο * | {320 
> 3 "000714 9.65 .01023 .0696 27.75 99.1 ستا‎ | 05 
22 ۱ | 6 ۱ 1 180 | 43 180 | 2 150 33.0 32.0 y 
64 7.0 25 .01052 .0629 26.1 33 P". x xi ۱ πο  . ۵ 
7 5 1.15 .01093 .0629 ۱ 27. 2 108.6 ^ li 1 9 | 4 " 26.0 n > ۰ 0 
eL | 7.5 | "A. 5 30. 25 e a T" A | u - e 42,30 
و‎ 77 j | 8 ې ھ قو د : سم‎ 9 a Me 7) y , κ. 42.10 
37.5 8.05 .013 .003 | 











TABLE VI 
e 1/2" H. I. T. 6. 8. Engine 
Detonation Data 
Fuel “White Gas" 
































—— 


| r | er | Τι 
۱٧۴ رت‎ 1.9 .00 E .0701 me ορ .. 180 
.6 000 s .00418 |.c70 26.2 of 
b. ۱ 000325 2:56 . 00} 68 ‘one 29.3 10 .3 z 
5.05 .0903525 3.30 .00502 |.0701 | 31.75 8 e 
5.35 (000395| 3.30 |.00502 |.0786 | 32.65 117.1 180 
Fe 000351 | 2.70 |.00455 |.07€5 | 29.15 104.8 " 
.75 .000310| 2.05 ۱۰0603597 ۱۰6782 | 23.65 64.9 " 
2.95 „000336 2.40 ۱.0۵۷25 ۰075۷ | 26.95 | 96.8 . 
500 5.20 2.37 1.00h865 .0880 26.45 | 95,0 |. 180 
" ۴ 29 5.45 2.85 ۱.00۷66 8 22・35 105-3 160 
9 ۰ 23 το 3.48 „oosıl |,0872 | 32.46 1160. 179 
1 1 47 .95 1.95 ean ¿0874 | 22.15 79.5 180 
1000 | 500 52 5.25 1.95 ۰00367 ۱۰0980۵ | 22.10 79.4 150 
: ۶ 2 EE وو وہ وو ہج‎ i 
۰ ` 28 ・05 3.59 00526 | .9975 32.45 116.6 , 325 | 1860 εν 15ο شېو‎ * 9 
1000 ; 500 34 6.35 3.59 .ο0 20 .1069 | 31.35 ‚112.6 180 | 317.5, 180 84,5 0 37.4 32.0 | 42.9 
a x 41 6.15 3.05 ۰ 35 .1076 | 29.45 مچ‎ | : ۱ " £5 : 34.85 - 43.3 
η a مزا‎ 5.85 2.55 O04415 «1071 شن‎ 97.8 | " 310 : 65 " 32.25 43.3 
| 
1000 4.1 1. .003£7 .061 | 23.4 84.2 0 8 180 Eh, 15 0.1 |-32.0 | 43.4 
a | 2 2 Ματ 5 56 100138 «0620 27: 76 | 99.6 ἵ けれ 7 4 22:1 ^ M 
, | 4 24 4.65 3.10 ۱.00۷6۷ .0615 | 29.75 106.9  ” 349 " ۴ 35.2 è 43.1 
۱ 
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TABLL VII 
2 1/2" M. I. T. 6. 3. Engine 
Determination of Beat Power Spark Advance Cperating Supereharged 
Fuel 100 Octene 


























3 


σίου | 1200 57 23.15| 83.1 | 180 ۷16 | 180 87 150 | 32.0 | 32.0 | h2.7 
^ : 2 25.55 61.7 | ۰ has | ۰ sh | aks | =* » ` 
2 . 33 27.06 τα P 472 ۰ g 151 n , à 
4 a 5 728.51 ٠ his " & 150 . . 3 
a a δὲ 20. 85 103. 6 * BAG " " K A ۳ a 
^ " 3 28.70 103.0 f he , " ^ ۹ ` ' 
1 E 56 28.15 101.1 » £9 " > a 3 a 4 
2800 | 1200 | 56 7.95 ۱۰۵۵0۵628 18.8 | .01141| .0723| 31.95 114.8 | 180 475 | ۵ €6.5| 150 | 35.9 | 32.0 | 42.3 
n " 51 $.00 |.000835  " " .0731 32. 30 116.0 " 469 * 7 ۰ . à 1 
a * 45 “ κ x 0771 2.55 116. 9 4 469 " ۴" a 5 - ۹ 
κ , uo : " 18.5 | .c1143| 90 32.35 116.1 : 450 , ۲ e ۹ b ° 
E " 35 , , 18.55) .01145| .0729 | 21.55 113.2 . uhh a " a " " a 
f - 30 : , 16.55 .011h5, .0729 | 39.05 107.9 ۲ ο と : - ‘ : : 
9800 | 1200 0 δ. | «000911 21.Ξ | «01255 «ΟΤΗΝ 119.2 | 180 Whe 180 8 15 TÉ.O | 380.9 ۵ 
3 2 リー " 92 ٩ 5 3 - 46 he, iMi | » hog n a ἐν : 25 a 
s a 50 ې‎ " " 3 " 35. 15 126. 1 | á 477 5 ES a à 3 × 
Moo | qo | تیا .| و‎ .o0p251 1,72 ووورېه.‎ <O د دی وو‎ 8 MS می‎ f 180 29.5 | 38.0 وه‎ 
a ۳ 19 a ۹ te 4 a P2.80| £1.£ 4 276 # 4 n 5 - 3 
. #» a 32 a fi 3 κ a 22.96 18 a 131 4 4 3 ٦ 4 uh 1 
۳ 9 25 € 3 κ ۳ a 22.45 80.6 | 3 125 っ A 8 z a a 
- . t 30 x 3 ٢ په و‎ ۲1.5 77.8 " 222 ۹ " a " 2 a 
| ۱ | 
1000 ۶00 9 #6 «090116 2.6 ۵9 -0705 | 56. 79 وو‎ | 18Q 336 | 140 87 290 | 31.3 | 32.0 4 
# " 71 し ك‎ n 4 a 28.1۶ 181.1 | η | 245 | 3 3 « 3 ul 4 
3 3 37 3 3 y 3 e 27.75 39.6 | 9 | 151 | a A 4 | » 4 E 
à 4 ko κ 3 a a a ی‎ 97.5 pe^ 365 A 8 a a " " 
1000 500 Gc 5.1 |.0003 3.3 ۱۰00506۱۷ ۰.0712 ۱ 3:06.15 109.2 ` 180 | 36? | 180 £7 150 36.2 | 32.0 ۹٩ 
۱ n ۳ a | A a 1.65 115.8 | a 8 P p 3 a ^ 
3 a 49 = ې‎ m a 3:76 11 .Ώ 3 | 3 9 3 | a 9 4 " ei 
8 | 20 ۰ AE ^ | $0.75 110.1 » 5۰۳ ۰ ۰ ۰ ۰ » | Bho 
| 
— - br 
| | ۱ 
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۴ 
4 
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iss: 
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a — 


| 
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"a 


orifioe 


یه 


Ap 


2 ive Μ. ¥ B. 


.000620 9.61 00857. 
b 13 en 


ndi ΐ 10. 15 


‘done 


‚000654 10.75 


.0006 
2004 


1 


| 


. 00569 


00576 
9ء 
5 
00890‚ 


T, 10.25 0 


2 


10.35 


‚009645 10. 
.000637 10.50 


u 
0 


10.15 


¿00885 
.O9g89 


| 0089? 


. 00676 
.00676 


| 
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TABLE VIII 


Fuel 100 Octane 


F 





0725 
. 0729 
. 0726 
‚o7ı5 
.0727 
.0727 
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Dyn. 


Scale 


MA A 54‏ یہ ہیں 
Ww Oa ar O-‏ 


دم د" نم 2م ٥١م‏ ټم 


22.7 
22.7 
22.8 
22,9 

22.6 
22.8 


کی 


in 


Qu 
j 


(A ACA ον jM 
ARNO PIS 
"οσο Ὁ ΕΡΤ 
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180 120 189 | 1€2 1€2 153 18% 1858 | 185 
150 150 150 | 150 | 159 152 15) 155 | 155 
150 150 150 150 | 150 169 50 150 | 150 
FELP = 5 pei | | | 
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| | | sal | | | | | 
| | à eed 1950 | | 
۱ ۱ ۱ 
| ۱ 3 T4 | Toil ἴδια  FUEP | RERARÉS ۱ 
480 150 150 17.1 Reading taken 5 minutes after ignition eut. 
360 116 186 | 22.95 Reading Taken before firing. 
60 165 . 2 22.15 Reading taken § minutes after ignition out. 
1440 166 | 162 28,0 Reading taken before firing. | 
| 1200 ihho 152 155 on eut. 
| 














TABLA XVII 
6" M. l. T. 0۰ ۰ Ingine 
DETONATICN DATA 
Fuel - "White Gas" 


14 kareh 1950 (orifice diameter 0,920") 





: ^ Dyn. 

RPH Me و‎ m. 4 F a el WEP Ty Tey ET Tar Toa ۶ Pe 
1000 ~~ = P 0596 .0731 16.45 0۵ 151 514 180 79 152 22.9 0 
n .003h2 ۰ .067  .0731 86۶ 2 — | 182 1 25.95 32, 

00379 1.2” :0515 «οὐδὲ 22:28 abs 180 18 iso Ὁ 15 5 3 
#1000 ¿00227 5.15 ۰03135  .0725 9.2 35.8 151 hs? 150 73 150 18.8 32.0 
A" . , " 4 11.8 "a 19e 46g ۲ a 151 18,8 s 
ae » " » 4 11.65 46.1 169 go 9 : 151 16,9 » 

۰ 3 3 5 1 ill. 44.7 150 500 9 * 150 18.95 * 

$ n : a ^ 11,7  h5.5 ۵ Ao " 150 16,96 «» 
1000 1200 32 5-00 ¿00270 7.30 .0639 .0730 15.1 58.7 150 505 160 79 150 21.8 32.0 

. .. 16.5 6.20  .00322, 10.35 .0439  .073} 18,45 7 ۹ 508 , 1 : ek. , 

. . 20.5 5.70  .00:00 9.05 .O41l  .0720 17.25 67.0 " 505 « " ۴ 23,5 3 


; 16 March 1950 (orifice “1ameter 0.920*) 


1000 1200 1h . 9.65 .00676 ۷.9  .0526  .092 24,25 οἱ, αὶ 150 0 180 80 150 25.585 2 

Ρ 4 19 8。45 .00420 11.7  .oh66  .090 21.25 6 475 " 4 26.9 06 

" n 23 8.05 , . 00402, 10.7 , ۰.0۷6  .0901 20.15 1 ۹ ile " " 25.1 32.1 

" a 28 7.55  .00382 9.65 .0ob23 .0902 18.75 73.0 " £O n ۰ " 24.1 32.0 

#1000 1200 28 7.0 .00355 8.35 019: .0902 17.05 66.3 150 470 180 80 150 22.8 32.1 
4 ٠ 2 6.95  .0035 6.26 .0292  .0901 15.65 60.9 151 505 ٩۹ n ۶ 23,0 . 
e" : 61 6.90 85 8,25 .0392 .0897 15,65 60.9 150 B15 $ b . 23.0 ' 

. 1000 1200 . 36 8.7  .00432 9.9  .0uü?29 1006, 18.85 72.2 150 GEO 180 80 150 98.5 31.9 

" a . 25.5 3 .00456 11.75 .040  .0997 20.65 21.1 151 470 a . ۹ 25.8 22,2 

1 ۷ 19.6 16.3 «005606 13.75 .0506  .1000 m 00.5 150 470 , n A 33 € 32.0 

" a 17.5 10.85 | .00530 15.05 .0531 | .0999 25,65 96.0 150 865 9 . 26.5 71.9 

1000 1200 19.5 11.9 | .00562 15.05 .0520 .1100 2h.05 93.6 150 h 180 8 150 28.5 32.0 

E P 23 5 11.25 e ا‎ 13.3% ‚0899  .1100 Tnt ΠΝ ? با‎ - « a 27:3 32,1 

4 1 98 11.25  .00550 13.35 .0h99 1100 22.65 1 " hie, " " n 27.3 32.1 

P. " 29,5 10.2 .00500 11.1 . ۰۵5 .1100 19.95 77.5 0 hho ۲ 4 " 25.4 8 

` $1000 1200 , 29.5 9.3 ۵060 9.5 ۰۵۷2 .1092 17.75 69.1 150 125 180 #0 150 23.9 31,9 

f” : lo 9,3 «00860 9.85 ۰0۷20 .1095 17.65 68.7 ^ ۱55 " n " 23.9 486 

. 1000 1200 7] 10.15 586 10.95 . 52 ‚2100 19.05 76.5 150 ls 180 £0 150 25.25 32,1 


“INCIPIENT DETONATION OGCURRED POR ALL POINTS EXCEPT THOSE 
| . MARKED # FOR WHICH NO DETONATION OCCURRED. 
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1000 


. 1000 





1200 


it 


- 1200 
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¿00225 
1 
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Orifice 


1.65 
1.85 
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5.80 
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10.0 
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1Π.. 8 | 
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Detonation Data 
Fuel - "White Gas" 


TABLE XVIII 
6" M. I. T. G. 3. Engine 


21 March 1950 T diemeter 0.920") 


Ma 


«0285 
.038 

ے0 
0346 . 
0555 


.0320 | 


«0709 


. 0h07 
. 7۶27 
οἰμι6 


.Ol5o | 


. 0476 
. 0500 
. 0510 


7 Avril 1950 (orifice dismeter O. 
18.4 κ 


. 65 
.0408 


.0376 


.0427 
.0406 
.0471 


. 0439 


.0379 


«0559 


.04125 


.0380 


05515 


0200 
۰0722115 


۰0567 | 
. 0340 
.0312 


هم 


F 


. 7 
.0727 


«1000. 


.1000 
.0939 


.1100 
.1095 
. 0 


. O900 


„ 0901 
„0900 


.0802 


.0798 


¿0732 


.0722 
.0724 


‚0650 
. 0644 
.0643 


Dyn. 
Scale 


15.2 
1 
1 
۹٧ 
13. 
12. 


سب 
PO‏ - 


li. 
11. 
10. 
LO». 


16. 
16. 
17. 
17.2 
17.9 
17.3 
18.3 


OJW WYJOD PRI 


17.0 
11.9 


17.7 
16.6 
20.5 


18.9 


16.05 


15.2 
17. Y 


16.3 
13.6 


he 


13.15 


14.0 


12.5 
11.1 


اک 


٦ن‏ ا نا 


~ J 
نل‎ IN 
OF ON FJ Ow fo پر پٹر‎ 


ON 
- 
MN EOF OO 


67. 
fl. 


71.5 
66.0 
58.0 
68.9 
64.5 
19 .T 
(3.5 
62.5 
59.1 

6 


Ta 


180 


180 
1 


181 


180. 


180 


181 
180 
179 


180 
180 
179 
181 
180 
180 


180 


` 180 


Teyl 
485 
190 
490 
00 
90 
500 


475 
500 
505 
510 


190 
39 
190 
495 
99 


495 
500 


سس 


465 
46 
188 


hus 
6 
ΗΟ 


470 
470 
8 
485 
480 
490 
48 
198 
495 
480 


485 
ο» 


WAPKED # FOR WHICH NO CETOMATION OCCURRED 


و 


179 
180 


180 
180 
182 
182 


150 


180 


180 
" 


. INCIPIENT DETONATION OCCUKRED FOR ALL POINTS EXCEPT THOSE 


150 
152 
151 


150 


150 
150 
152 


152 
152 
150 


150 


150 
150 


23,05 
23.05 
22.1 
21.4 
20.7 
20.1 


19.4 


2.0 
25.2 
2 ۳ 

$5 ا 


27.15 
28.0 
28.6 


2۰ 7 
24.1 
22.8 


25. 1, 
2h. 05 
26.9 


25.55 
22.65 
22.0 


24,4 
22.9 
20.6 


22,65 


20.95 
20.25 


22,2 
20.9 
19.7 


32.0 


VN NOS M‏ لیا لیا لیا 
ο Ὁ ΓΟ no no no‏ 
Per οσο‏ 








FERIEN 7 
Data fron P-Y Diazrans 
transferred from 


Indicator Diasrams 


2 1/2" Engine 


H(rpm) 5458) SA(PBTC) Aren(in)"  imep(psti 


960 400 55 9.502 و107‎ e 
1200 300 4 ۵ھ‎ το 
2400 * 1200 45 Deut 119.14 
30900 1500 90 9.950 118,09 


4" Engine 





900 720 32 9.585 Bor 
1500 * 1200 59 o. 720 114.4 
1800 1440 Al 5.700 115.6 
| 
6" Engine 
400 439 20 3.40 103,09 
800 960 oJ 2.64 AEG 
E») x 1200 90 تا ہت‎ id 
00 1440 54 Gece 124,4 
1500 1200 40 9.75 114,5 
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mt TEBA, 
* "lotted lin Tug, 9 


it Actual differences rather til.un dilTerences obtained 
from smooth curves, 








APPENDIX A 


Description of Engines 


General CONS 4" 2 1M 
Bore (in) GO 4.0 22 
Stroke (in) 7.20 4.8 51۱ 
E ton Area (inf) 28.27 127 4.91 
Va (inf) ος 60.35 14,71 
Conpression ratio 0.74 9.74 5.74 
Inlet valve (in) 9 . 008 . 008 
clearance (cold) 
Exh. valve clearance .015 ¿OYE O08 
(cold) 
Piston speed/rpm ΤΕ 8 ¿8 
park plus,champion  J7-18mm J8 Y-4A 
Valve overlap(degrees) 30 50 30 


Dynanmome ter 


Scale piston diam(in) 2.795 1.614 。932 
Dyn. torque arm (in) 21.008 1927306 12,6 
Overall dyn. constant 
K 1000 4000 15000 
Scale force for 1"Hg 3 120 «QUIS 
(1b) 
BMEP وت‎ ٦ SCOR اا" ته‎ 
BMEP = 192,000 


BUE 


N n 
K 


Plug Locations 





I- Inlet C-Cylinder E-Exhauar 
۱ ۳ ۱.۰ and Li Indicator EB pine 
2 Mon firin: spark plug As ٧1117 77 
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Special quines 


Tho MT? indivator is a bulanced pressure Cia diva 


type of indicator mith recorder @weie 15 απ لرل لل‎ 


onsugssisft cou) ling. he nick=ap unit consists ODE 
α kcal » luz with pressure i£» and spark: lead. ovenent 


ot ο stylus, horizontalty uni لل دس‎ ۹٢ to a ٣۰ 
Asia, de eontrollsa. by a calibraved socias wiich ex ena 
in response to hydraulic oil pressure. A spark frog the 
Eius Lo the rotating drum occurs when the hydraulic aa 
preso in the system, is equal ٠ہ‎ ΠΕ وه‎ pressure in و‎ 
envine cylinder, Establishment of an accurate top center 
line on the cord is of utmost importance. This instrument, 
2858972 in the following Figure Bl, is standard eaovlpmene in 
the > loan Laboratory at MIT. It is used to give a pressure= 
eran: enele diagram wiich can be converted to a p-v diagram 
E omWucilation and point to teint measurement, or 7۲ 
tra sfer machine designed to do the same process, The lat- 
των ised in this investigation ang is completely des” 
erined in reference 9, Further descrivtion oF the palanced 
peces ire Wiaxhracm unit used with the MIT indicator can Be 
met iho Rererencés 10 amd ll, 

She oi pressu rcii OM STD Goisicts O1 a et 
ی٣۰٠6 ہد‎ ھ7٦۸۲‎ and oscilloscope. "DE pluc contains a 
eatenary dlanhrapı-strain senerating tube and pressure 


receiver. <A lead from the plug is connected to the ogciilo= 


scope thrdusn an external counlins system, A condenser 
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which vents the plug through radial 
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drilled holes. Reference 12 gives a more complete desc 


tion of the Li Indicator, 
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are the same for G. S. Engines, 
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APPENDIX D 

Fuels and Lubricants 

In the friction investigation 100/150 aviation 
fuel was usea, while in the detonation runs white marine 
gasoline (unleaded) was used. This lower octane fuel 
(71.9 motor method, 78.4 research method) produced detona- 
tion in all engines in the range of speeds and inlet pres- 
sures investigated. 

Sinillitude was curried out in the respectivo lu- 
bricatins oil viscosities by "ısins the specially prepared 


oils listed in the following table, 


Viseosity 3,3.u., 


Engine 100°F 72 210°F Gravity 
2 1 7 349 160.3 5238 .88 
4" 828 539.0 76498 89 
e" 1665 627.0 233 。90 


The oils were prepared using SAE 20 and “¿E 60 as 


follows: 
2 1/2" URSA P 20 (Texaco symbol) 
τ 54% URSA P 60, 46% P 20 
or 95% URSA P 60, 5% P 20 


Each oil was a straight mineral oil, wholly paraffin aná dis- 
tilled, with no additives. 

The above samples give the same value of A/@ at 
250°F, This temperature was arbitrarily selected as an attempt 
to satisfy lubrication requirements in all parts of the enzine 
where viscous friction may occur, A mean oil crankcase inlet 
temperature of 150°F was chosen and maintained constant throughout 


the investigation, 
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P 3607.0 ess.» ت0 ت‎ 571 at! the orifice, 
lb/ft abs. 

P لا 517 8 هټ یا اا‎ 0 afiver UW or" ice 
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10/10" abs. 
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"nits ol force, mess and accelerat' on are Tos 


orce = mass x acceleration 


l 50und force = 1 lb.mass 
t cS x 1 ft/sec? 
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lu terms of the diameter of‏ وا 


ti 


WEZ = δ. 05402. ΓΟ" where Dg is expressed in ft. 
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or A = .005454DE, ft* where De is expressed in inches, 


Discuerg@e Loefficient 


τσ ٢ lischarge coefficient and 131611116 5 و‎ 
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C = actual mass rate of flow 
theoretical mass rate ol flow 
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|| ث‎ 1155 of © for atamard orisices have been determineeei ze 
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1 Meo. experiment, 
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۱-۶ is taie νο]οοὶς- οἱ azo oach actor and nio 
user LI p, ico noczs' red py a static tube. If p, is measured 
DL SS tube (i.c. if "otal nressure ‘3s neasured "۳ 
۲ uctor is unity. “150, for ssall values ΟΡ رم‎ 


۱۲۱۲۱۰ ۰۸ 1 01 is necligible. 








Expansion Factor 
XY, is the expansion factor ٦+ 17 

uncontrolled expansion (both longitudinally and laterally) 

of a compressible fluid after the orifice. Y, has been 


determined experimentally, and empirical equations have 


been fitted to the data. he eauation for air is: 


Y = I = (P-P)losi r.3582") 
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1 ο. سا ایا دز‎ τος constant ٢ and J رول و‎ varbes ٣ 
WITH Ze A plot oi the above relation for various fs is 
available In Ref. 13. 
Density 

πο densiU of dr; alr at 590 F abs. and 14.70 


lb/in® prossure 1s .07637 lb/ft?. Therefore the density 


at any temperature and pressure can be expressed as follows: 


u : 1) ο. ο: 


2 
where p = pressure, 1b/in” abs, 
T = tend., sem Ὁ abe 


if the pressure p Is Béeasured in inches 


T 


_ z ) lo 
の < 1.321 6 و‎ στο 
p = pressure, in. Hj; abs. 
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ber). , 12987 PL UNUS. 
T5 account tor devliations oF "the above ۳۸ تا‎ 
١ the perfect ¡as lam, a correction factor cild De 


apolicd. 








The magnitude of this factor, within the range of pressures 
anc temperatures encountered in this investigation, does not 


warrant inclusion, 


Orifice Pugssure Drop 
The pressure drop (pı - Pa) across the orifice is 


meusured in inches of water. 


CO 


(pi - pe) = 5.1608 i lo /ft* where 


Y 


h = pressure Hrop across orifice, inches Sater. 


Flow Coefficient 


4 {ν ص‎ 


The discharge coefiicient &ndà velocity oí apo cean 
factor are comtined into a single dimensionless expression, K. 
This flow coefficiont K is defined as: 
K^ 414 
(1-48*) 
Experimental values of X as a function of Reynolds Humber, ګر‎ 


and Dı have been compiled by the ASIT, ana are available 


in Welt, 13 1 


Hor:ing £quation 
Equation (1) can now"be Written in térms of the 


symbols defined and the units b> which measurements wero made: 


_W 2 .005454D$ KY, |? 1.321 py % 
3517 35 17 P Se : 
or W = .1145D, KY, le Ji (2) 

W = flow rute os alr, 1b/sec 








De = orifice diameter, incimea 


Dz = static pressure ahead οἱ the orifice, inches He 
aps. 

23 = Vemperature ahead o? Ue orifice, dea) PES 

4 = pressure drop across the orifice, inches of water 


K = flow coefficient = function of Re, Bs Dy 
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a i 4 
E cosnsiou άσσος Ποπ ٢ > 8 
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Air flow, in these investigations was calculated 
from the above formula. It Was found that by using vales 


of * and Y, corresponding to mean values of Re = 50,000 and 


aD ~ „035, respectively, a maximum error of +5% would be en- 
ο HECI at extremely low Anl nich flow rates. Since ke 


: : p 
- SeSsed in teris ol uE; A^, and Des and &__ ix 
Di 


hr. 
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"٦٦ب‎ nEW,D,, pi and Tø a correction to the orisinal value 
OM UF و‎ @esed on a mean Re a as a function of W^ itself, 
1 
و‎ J l'e. Such a correctib2 curve was computed for Gag 
“eee for the p, and T, encountered, The curve for tne 
ου ου πο, Dg= 413, A = .20, Da = 29.92 in. 
۲ -< 30 # ls included as "IE, E-l, 
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fluid density ahead of the orifice, 
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velocity through the orifice, ft/sec 


Da = diameter of the orifice, 7 
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Α΄ = viscosity of aif begore the orifice, at mec 
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Substitutins tnis expression for u in the expression 


Tor men 
_ 576 の Pde . 15.28 w 
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FUEL Fude MEASUREMENT 


The flow rate meterins instruments, or rotometers, 
used tiroushout this investisation for the meas ار رر رر‎ 
fuel flow, operated ®-cor@inz to tle las 197 هت‎ 2۱ ος 
1107 SE 11308 ۱0171 60006 ۱م‎ 71+ ٦ 
fluid κας disclwargec under controlled Bebd 5 
through an annular aperture of controlled variable size. 


The actual rotometers used were as follows: 


2 1/2" enzine - Fischer and Porter, No. 118-2986 
4" en;ine Large-Fischer and orter, o. 118-2992 
3 | A-65114, 
Fig. Noag 
EN; engine - Fischer and Porter, ¿lo. 118-2996 
ALL rotometers were calibratca for both 100 octane 
casoline and 71.9 octane (motorins method) unlcaded rasoline. 
There was no arpreciatle difTerence in the calibration re- 
sults for the two fuels. The calibration consisted of de- 
Feminina; Oy an eclectic LN ο, tne tie requiri cra 


siven welsht of fiel to flow into a container at a constant 


« 
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ato of flow, The rate of flow mas controlled through the 


rotometer, and the rotometer reading; was noted for cach 





flu rate. Thus, the full rempe of flow for each ۲۵ ۶ئ‎ 


was checked in this manner. “he rate of flow in pounds 
per seconi was »lottel versus rotometer reading t» “ive | 


Lu Cala ration curves, ties. Frl, 1-2, πο. For لا‎ ۵ 
GQic@mesion or the tieorvy of the subject rotomever, see 


mer. 14, 








1 


ντ ο ο δν |. 
00 وو‎ | '8000° 


! | " ۱ | ۱ 
32 ۷۵ 
—J3A19A/7 





! 
d 
| 


VILIWOL( 





v7y 


DAI 
LE 


| | E 


y] 


E ۹۵57 





| 
| 


۰ ' ۰ 
ェ ューーー すす ーーーーーーーーー ーーー سس‎ ニー te سوه‎ 


内 








| 
| 


سے ےےل — —— E‏ 


P 


E x 





























8 e 














